INTRODUCTION
============

Recent advances in the treatment of pediatric acute lymphocytic leukemia (ALL) have prolonged the survival of these patients. The initial leukocyte count in these cases is a particularly strong predictor of complete remission (CR) induction and event free survival (EFS). Hyperleukocytosis caused by ALL is associated with early morbidity and mortality due to the hyperviscosity created by the high leukocyte count \[[@B1], [@B2], [@B3], [@B4], [@B5]\]. Pediatric ALL patients who initially present with hyperleukocytosis are at risk of early complications that lead to a mortality rate as high as 20% during remission induction therapy \[[@B3], [@B5]\]. However, very few studies from developed countries have addressed childhood ALL with hyperleukocytosis. The purpose of this study was to compare the therapeutic outcomes, incidence, clinical characteristics, and complications during induction therapy among pediatric ALL patiens according to the degree of hyperleukocytosis at presentation.

MATERIALS AND METHODS
=====================

Between January 2001 and December 2010, 104 children with previously untreated ALL were enrolled at the Pusan National University Hospital, all of whom were initially stratified by age and initial leukocyte count. Patients aged 1-10 years and with an initial leukocyte count of \<50×10^9^/L were classified as having standard-risk ALL, and patients aged \>10 years or with an initial leukocyte count \>50×10^9^/L were classified as having high-risk ALL. Fifty-six (53.8%) of the children were diagnosed as having standard-risk ALL, 48 (46.2%) were diagnosed as having high-risk ALL, and 20 (19.2%) had an initial leukocyte count of \>100×10^9^/L. The treatment protocol used to treat the 48 high-risk ALL cases was a modified version of the Children\'s Cancer Group (CCG)-1882 and CCG-1961. The induction regimen comprised the administration of prednisolone, vincristine, daunomycin and L-asparaginase. Bone marrow samples were examined after completion of induction therapy (day 28). If CR was confirmed, patients received consolidation chemotherapy with cyclophosphamide, 6-mercaptopurine, cytosine arabinoside, and methotrexate for 5 weeks. After 8 weeks of interim maintenance chemotherapy, patients received reinduction and reconsolidation chemotherapy for 7 weeks. Finally, patients received maintenance chemotherapy consisting of 6-mercaptopurine and methotrexate for 2.5-3.0 years. Patients who sufferd from bone marrow relapse during treatment or patients with unfavorable cytogenetic abnormalities such as t(9;22), t(4;11) at first CR received stem cell transplantation, if they had a human leukocyte antigen-matched sibling donor. The medical charts of the 48 high-risk ALL patients were reviewed retrospectively. The incidence, clinical characteristics, laboratory findings, early complications, CR rates, and outcomes of ALL patients with hyperleukocytosis were compared with those of the high-risk ALL patients without hyperleukocytosis.

Routine blood chemistry values were documented, as were the peak levels of potassium, creatinine, uric acid, phosphorus and trough levels of calcium during the first 14 days. Hyperkalemia was defined as a serum potassium concentration of \>6 mmol/L, hyperphosphatemia as a serum phosphate concentration of \>7 mg/dL, hyperuricemia as a serum uric acid concentration of \>10 mg/dL, and hypocalcemia as a serum calcium concentration of \<7 mg/dL. Early complications were defined as those that occurred during the first 14 days.

All patients received continuous intravenous fluids for hydration and urinary alkalinization and allopurinol for at least 5 days during induction chemotherapy. Patients with hyperphosphatemia were also administered aluminum hydroxide. None of the patients underwent prophylactic leukapheresis, cranial irradiation or urate oxidase treatment. However, patients who developed tumor lysis syndrome or renal dysfunction were treated with hemodialysis. Early mortality in this study refers to the death within 1 month of diagnosis.

This clinical data was analyzed by using SPSS 18.0 with linear by linear association, ANOVA, or Fisher exact test followed by the Bonferroni correction. EFS and overall survival (OS) were estimated for various patient subgroups by using the Kaplan-Meier method, and the log-rank test was used to compare survival curves between groups. Cox regression analysis was performed to evaluate predictors of adverse events. *P*-values \<0.05 were considered statistically significant.

RESULTS
=======

Clinical characteristics
------------------------

Of the 48 children with high risk ALL, 20 had initial leukocyte counts of \>100×10^9^/L, and 11 had extreme leukocytosis of \>200×10^9^/L. The overall male to female ratio was 1.3:1, but this increased to 3.0:1 in ALL patients with hyperleukocytosis.

[Table 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"} compare the initial clinical and laboratory features of the patients with hyperleukocytosis with those of the patients with leukocyte counts of \<100×10^9^/L. Extreme leukocytosis of \>200×10^9^/L was significantly more common among the patients aged 1-10 years at diagnosis, with a T cell immunophenotype, or with massive splenomegaly. Cytogenetic studies were performed on leukemic blasts obtained from 45 patients (93.7%), 31 of which (68.9%) revealed a normal diploid chromosome. Translocations were identified in 9 patients (20.0%) among the high-risk ALL patients, although patients with t(9;22) and t(4;11), which are associated with an unfavorable prognosis, were not significantly more likely to have hyperleukocytosis. Hemoglobin and platelet counts at diagnosis were not significantly different between the patients with and without hyperleukocytosis, although serum uric acid levels at diagnosis were significantly higher in patients with extreme hyperleukocytosis (7.6 mg/dL vs. 13.6 mg/dL, *P*=0.027).

Early complications
-------------------

Early complications during remission induction chemotherapy among the 48 patients with high-risk ALL are summarized in [Table 3](#T3){ref-type="table"}. Metabolic complications occurred in 16 patients (33.3%) of the 48 high risks ALL patients during induction chemotherapy. Hyperphosphatemia and hypocalcemia were the most frequent metabolic complication, but they were not significantly different between ALL patients with and without hyperleukocytosis. However, hyperkalemia occurred significantly more often in patients with extreme hyperleukocytosis (*P*=0.033). Neurological complications such as seizures or central nervous system (CNS) hemorrhage occurred in 5 (10.4%) of the 48 high-risk ALL patients, but CNS hemorrhage occurred significantly more often in patients with extreme hyperleukocytosis (*P*=0.049).

In 1 patient, who suffered from a complicated CNS hemorrhage, the hemorrhage had already occurred before visiting hospital and his initial leukocyte count was 328×10^9^/L. Another patient, who had an exceptionally high initial leukocyte count (508×10^9^/L), presented without any initial evidence of CNS hemorrhage, but intracranial hemorrhage (ICH) abruptly developed on the third day of chemotherapy.

Outcomes
--------

Forty-three (95.6%) of 45 patients with high-risk ALL attained CR, and the CR rate on day 28 was not significantly different between the patients with and without hyperleukocytosis. Seven (15.6%) of these 45 patients suffered from relapse after CR, but the relapse rate after CR was also not different between the patients with and without hyperleukocytosis. Three (15%) of the ALL patients with hyperleukocytosis, all of whom with extreme hyperleukocytosis, died during induction chemotherapy: 2 from CNS hemorrhage and 1 from pneumonia and acute respiratory distress syndrome (ARDS) (*P*=0.043). Among the 48 patients with high-risk ALL, 9 (18.8%) died during treatment, although the overall death rate during treatment was not different between the patients with and without hyperleukocytosis ([Table 4](#T4){ref-type="table"}). The estimated 3-year EFS in patients with hyperleukocytosis was 75.0% and OS was 81.2%. Patients with leukocyte counts \>200×10^9^/L, however, demonstrated a lower EFS than patients with initial leukocyte counts between 100×10^9^/L and 200×10^9^/L (63.6% vs. 100%; *P*=0.046) ([Fig. 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). Univariate analysis was used to evaluate the association between EFS and leukocyte count, age, splenomegaly, mediastinal mass, hemoglobin level, immunophenotype, and chromosomal abnormality. This demonstrated that an elevated leukocyte count and splenomegaly tended to occur in patients with a shorter survival (*P*=0.163 and *P*=0.196, respectively), but there was no significant adverse prognostic factor for EFS. Cox regression analysis was not appropriate in this study because there were no events among patients with initial leukocyte counts between 100×10^9^/L and 200×10^9^/L.

DISCUSSION
==========

The incidence of hyperleukocytosis in adult acute leukemia has been reported to be between 5% and 30%, and occurs more frequently in patients with ALL (10-30%) than in those with acute myeloid leukemia (AML) (5-13%) \[[@B6], [@B7], [@B8], [@B9]\]. Among pediatric ALL patients, hyperleukocytosis has been found to occur in 6.1-18% of cases, in which the leukocyte count was \>100×10^9^/L and in 5-8.4% of cases, in which the leukocyte count was \>200×10^9^/L \[[@B1], [@B2], [@B10], [@B11]\]. The incidence of hyperleukocytosis in our study (19.2%) was similar to those reported from previous studies.

Factors related to the development of hyperleukocytosis in childhood ALL are age \<1 year, male gender, T-cell phenotype, mediastinal mass, massive hepatosplenomegaly, and cytogenetic abnormalities (11q23 rearrangement, presence of the Philadelphia chromosome, and loss of p16 expression) \[[@B1], [@B8], [@B12]\]. It is also possible that leukemic cell ploidy of \<50 chromosomes, CNS leukemia at diagnosis, and a high LDH level (\>1,000 mg/dL) have a role in the development of hyperleukocytosis in ALL \[[@B1]\]. In this study, we found that an age 1-10 years at diagnosis, T-cell phenotype and massive splenomegaly were associated with ALL and hyperleukocytosis.

One of the immediate therapeutic problems in the management of patients with hyperleukocytosis is related to acute metabolic complications secondary to tumor lysis syndrome \[[@B1], [@B2], [@B11]\]. The rapid destruction of leukemic blasts because of chemotherapy may produce massive release of intracellular potassium and phosphate, which in tum results in acute renal dysfunction. Of these, hyperphosphatemia is the most common complication necessitating hemodialysis \[[@B3]\], although in our study, hyperkalemia was the most frequent metabolic complication in ALL patients with hyperleukocytosis.

CNS hemorrhage is the most dangerous early complication in the management of ALL patients with hyperleukocytosis. It has been reported to occur in 5-33% of AML patients with hyperleukocytosis but only in 1.5-7% of ALL patients with hyperleukocytosis \[[@B1], [@B4], [@B5], [@B12]\]. Subdural hemorrhage is a common form of CNS hemorrhage in patients without leukocytosis, but ICH is more common in patients with hyperleukocytosis \[[@B1]\]. In several studies that reported CNS hemorrhage in ALL cases, almost all patients had a leukocyte count of \>400×10^9^/L. No CNS hemorrhage was reported in patients whose leukocyte counts were \<200×10^9^/L at diagnosis, and the incidence of CNS hemorrhage was low in patients whose leukocyte counts were \<400×10^9^/L \[[@B1], [@B4], [@B5], [@B12]\]. Lowe et al. \[[@B5]\] reported that the incidence of neurological complications for children with an initial leukocyte count of \>400×10^9^/L was 17.9%, compared to 3.6% for those with an initial leukocyte count of \<400×10^9^/L. They also found that neurological complications are associated with not only the presence of hyperleukocytosis but also with its severity. In our study, 2 patients with leukocyte counts of 328×10^9^/L and 508×10^9^/L developed CNS hemorrhage. One of these patients had already developed CNS hemorrhage at hospital admission. He died from tumor lysis syndrome, renal failure, disseminated intravascular coagulation, and multiorgan failure. The other patient, whose initial leukocyte count was 508×10^9^/L, presented without any initial evidence of CNS hemorrhage, but ICH abruptly developed on the third day of chemotherapy. With supportive therapy including the administration of dexamethasone and mannitol, he recovered from the CNS hemorrhage. However, during induction therapy, the patients exhibited a neutropenic state, which in turn allowed the development of pneumonia, and the patient died from complicated ARDS.

Leukocytoreduction can be achieved by performing induction chemotherapy and leukapheresis, and by using hydoxyurea \[[@B6]\]. The use of leukapheresis to reduce tumor burden in ALL patients with hyperleukocytosis is still controversial \[[@B3], [@B4]\]. Leukapheresis immediately removes circulating blasts and corrects metabolic abnormalities. It reduces early morbidity and mortality of newly diagnosed AML patients, but there is no evidence that it extends long-term survival \[[@B10], [@B13], [@B14]\]. In addition, Porcu et al. \[[@B15]\] did not report any difference in the early mortality of patients treated with leukocytapheresis compared with those who did not receive this treatment. Lowe et al. \[[@B5]\] analyzed 178 childhood ALL cases, in which the leukocyte count was above 200×10^9^/L, 94 of which were treated with leukapheresis and exchange transfusion. Cytoreduction was not successful in reducing CNS hemorrhage or pulmonary complications, because these were mostly present before cytoreduction. The disadvantages of leukapheresis are the potential complications caused by the placement and maintenance of central venous catheters and the need for specialized equipment and trained personnel; therefore, it is not widely used \[[@B6], [@B16]\]. In this study, none of the patients underwent prophylactic leukapheresis, but all the ALL patients with hyperleukocytosis received vigorous hydration treatment as well as urinary alkalinization during induction chemotherapy.

The recommendation of the American Society for Apheresis \[[@B17]\] for hyperleukocytosis is category I (first-line therapy) and recommendation grade IB (strong recommendation, moderate quality evidence) for leukostasis. As the recommendation for ALL patients with leukocyte counts above 400×10^9^/L is category II (prophylaxis) and recommendation grade IIC, cytoreduction may be reserved for patients presenting with complications resulting from leukostasis or those with very high leukocyte counts.

In acute hyperleukocytic leukemia, the early mortality rate is reported to be 20-40% \[[@B3], [@B5], [@B12], [@B13]\]. Among the early complications of ALL, hemorrhage was common in patients with high leukocyte counts, and renal dysfunction was more common in patients with low leukocyte counts \[[@B5], [@B12]\]. Dutcher et al. \[[@B18]\] reported that adult acute non-lymphocytic leukemia and hyperleukocytosis was associated with a lower CR rate; these patients required more cycles of induction chemotherapy, and had significantly shorter disease-free survival and OS. Harousseau et al. \[[@B2]\] studied the CR rates of 141 ALL patients with hyperleukocytosis aged between 3 months and 66 years. They found that initial leukocyte count was not associated with the CR rate, but CR duration tended to be shorter when initial leukocyte counts were high. Recent studies of childhood ALL with hyperleukocytosis found that the CR rate was 91-94% and was not correlated with the actual leukocyte count \[[@B3], [@B4]\]. Eguiguren et al. \[[@B3]\] found that the recurrence rate in ALL patients with hyperleukocytosis was as high as 37.5%. For patients with a leukocyte count of 100-200×10^9^/L, the recurrence rate was 30%, but for those with a leukocyte count of \>200×10^9^/L, the recurrence rate was even higher (48%). They also reported a high incidence of relapse in both the bone marrow and CNS, especially in patients whose leukocyte counts were \>200×10^9^/L. In this study, CR was achieved in 97% of cases where the initial leukocyte count was \<200×10^9^/L, and in 87.5% of cases when the leukocyte count was \>200×10^9^/L, although these differences were not statistically significant due to the small number of cases.

Maurer et al. \[[@B4]\] reported that the 3-year EFS of ALL patients with an initial leukocyte count of \>200×10^9^/L was 55%. They also identified high leukocyte count at diagnosis and massive splenomegaly as adverse prognostic factors for EFS in multivariate analysis. Eguiguren et al. \[[@B3]\] calculated that the 4-year EFS of ALL patients with an initial leukocyte count of \>100×10^9^/L was 52%. They also found that patients with a leukocyte count of \>200×10^9^/L had a poorer 4-year EFS of 34%, whilst those with a leukocyte count of 100-200×10^9^/L, had a 4-year EFS of 64%. In this study, the estimated 3-year EFS of ALL patients with hyperleukocytosis was 75%, and the OS was 81.2%. However patients with leukocyte count of \>200×10^9^/L had a lower 3-year EFS (63.6%) than patients with initial leukocyte counts of 100-200×10^9^/L, because there was no early toxicity-related death or recurrence in ALL patients with hyperleukocytosis having leukocyte counts in this range.

In summary, our study demonstrates that, with improved management including intensive chemotherapy, the outcome of ALL with initial leukocyte counts of 100-200×10^9^/L can be significantly improved. Howerver, the outcomes of ALL patients with an initial leukocyte count of \>200×10^9^/L at presentation remains very poor, probably as a result of early toxicity-related death during induction.
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Clinical characteristics of children with high-risk ALL.
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^a)^*P*=0.002, ^b)^*P*=0.049, ^c)^*P*=0.018.
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Laboratory findings for children with high-risk ALL.
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^a)^*P*=0.027.

Abbreviations: WBC, white blood cell; LDH, lactate dehydrogenase.
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Early complications in children with high-risk ALL.
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^a)^*P*=0.033, ^b)^*P*=0.049. ^c)^Cranial nerve palsy, ^d)^Posterior reversible encephalopathy syndrome.
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Therapeutic responses in children with high risk ALL.
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^a)^*P*=0.043.

Abbreviation: CR, complete remission.
